Radioactive tank waste remediation and decontamination and decommissioning (D&D) of contaminated Department of Energy (DOE) facilities, and other nuclear cleanup tasks require extensive remote handling technologies. The unstructured nature of these tasks and limitations of the current sensor and computer decision-making technologie�: prohibit the use of completely autonomous systems for remote manipulation.
Introduction
Environmental restoration and waste management challenges in the United States Department of Energy (DOE), and around the world, involve radiation or other hazards. Over the past 40 years, more than 600 waste transfer pits have been constructed for use in the transfer of liquid high-level waste. During the many years of operation, the pits have become contaminated with radioactive material from leak:> and spills. The pits have also been used to accumulate worn out componcnts and parts.
The DOE's office of Environmental Management created in 1994 the Tank Focus Area to develop tank waste remediation technologies. One of the needs this area has identitied is the use of remote technology to enhance cleaning, decontamination, and reconfi guration operations in radioactive jumper pits used to place pumps and jumper lines for transferring waste. Current methods for modifYing, operating, cleaning and decontaminating thesc pits are labor intensive and costly.
One of the high-priority teleoperation tasks identified as necessary in the tank pits is the size reduction, which consists of cutting up jumpers and angles using gripper held tools, such as band saws, shears or rotary wheel cutters.
Traditional teleoperated systems are difficult to operate and make simple manipulation operations tedious and time consuming, and thus, increase the costs and operator fatigue. In addition, these systems are highly dependent on the human operator for safety. The approach presented in this work involves a form of assistance that is provided by adjusting system parameters that are not under direct control by the operator, such as impedance parameters and workspace mappings between the master and slave manipulators. This strategy will enhance clean-up operations in this environment by reducing personal exposure and increasing the effi ciency of task execution,
Background
A number of approaches to merge human decisions with computer assistance have developed in recent years including virtual constraint strategies that have been used to assist an operator in maneuvering a slave manipulator, such as those by Joly and Andriot [1] and Kosuge et al. [2] . In their work, virtual mechanisms have been used to constrain the manually controlled manipulator's motion on a desired surface or to be pulled into alignment with a task. Aigner [3] integrated potential field effects and remote control of a manipulator providing teleoperation assistance. Potential fi elds were used to produce velocity commands, which, when added to those generated by the input device, maneuvered the manipulator away from walls or around obstacles automatically.
The current work is an extension of work conducted by Chan [4] , wherein experiments were conducted using sensor data to adjust stiffuess and damping of the slave to suit various task requirements [5] . These ideas lead the investigation into the alteration of other human independent parameters in a telerobotic system, specifi cally the position and velocity mapping parameters between the master and slave manipulators. The operator uses an input device to control the motion of the manipulator. Information from sensors, such as force/torque, ultrasonic, range, and image processing, as well as available environmental models, is collected. The testing system for this took form of a telerobotic controller. Everett [6] implemented this controller on a testbed consisting or a seven-degree-of-freedom Robotics Research Corporation manipulator and a six-degree-of freedom force-ret1ecting Kraft hand controller.
This work prompted the need for assistance algorithms, which use this available information to alter parameters, such as position and velocity mappings and dynamic parameters in impedance control implementations, on-line. The result is a passive form of assistance, which leaves the operator in control of the motion of the manipulator, but assisted to the extent that the sensor and model information may be relied upon.
Assistance Function Development

A. Assistance Concept Description
The underlying idea behind the assistance function concept is the generalization of position and velocity mappings between master and slave manipulators of a telerobotic system. This concept was conceived as a general method for introducing computer assistance in task execution without overriding an operator's command to the manipulator. This type of assistance can be useful in drilling and sawing tasks, where the manipulator must maneuver a tool along a particular direction.
Before the assistance can be applied, a model of the environment around the desired object is made.
B. Creating the Model
Cutting is a common task perfonned in a pit, in which equipment like pipes, tees, and elbows of given lengths and diameters need to be cut. Before starting to cut, a model of the environment around the desired object to be cut is made. In the real system implementation (8], a robot manipulator (Schilling manipulator) with two stereo heads will be used to capture live images of the environment.
These live images are converted to a static model using the Envision software. The cameras can be tilted and zoomed so that the required frame is captured. Once the frame is selected, the live image is made into a static one and the model is built on this static image. 
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The software overlaps the objects on the static image with parts from the Master Part List for all those cases where a close dimensional match is found. In this way, accuracy of model is maintained in spite of imperfect sensory mapping.
C. Manual Part Placement Calculations
One of the primary functions before the calculations begin is the manual modeling process, in which part models from a library of templates are placed in a vinual environment. Positions and orientations of base frames of the parts are calculated using the pan and tilt angles chosen through adjustment of the sensor head position by an operator and the distance measured by a laser range finder. The calculations carried out to achieve this result are described in this section.
In all three part-modeling processes, it is assumed that the operator places the laser point along the geometric centerline of the image of the pipe of interest. Accurac y of this position is determined by the operator's estimation ability and the resolution of the pan-tilt motion. The point that is placed is at the centerline of the image from the camera's viewpoint, while calculations assume that the point is at the centerline of the image fi' om thc viewpoint of the laser range finder, introducing some small error in calculations.
Thc following section describes the mathematical procedure necessary to calculate the base frame locations of each of the primary types of parts.
D. Pipe Placement
Coordinate frames associated with the placement of pipe sections are shown in Figure I . In the manual modeling process for pipes, the operator is required to orient the pan-tilt head such that the laser spot is placed at the ends of the pipe section to be modeled. Each of the two spot locations chosen by the operator must be along the axis of the image of the pipe, regardless of the pipe's position or orientation.
In the first step the coordinates of each of the points chosen is calculated so that the vector connecting the two points, PT Llo may be specified. Ideally, this vector is parallel to the axis of the pipe, and the unit vector in this direction is used as the z-vector in the part surface frame, rs• The cross product between this vector and the direction to the first point chosen,
PT
Plo detines a tangent to the pipe cross-section, which is used to determine the y unit vector of the pipe surface frame, rs. The final vector necessary to define the base frame is the x unit vector, which is determined by taking a cross product of the z and y vectors and points toward the centerline of the pipe. The base frame is then determined by translating the surface frame along the x-direction a distance of half the pipe diameter so that the new base frame, rp, lies on the centerline of the pipe. In the manual modding process for tees, the operator is required to orient the pan-tilt head such that the laser spot is placed at the end of the horizontal section, and on points somewhere along the pipes connected to the vertical and horizontal sections. As usual, each of the three spot locations chosen must be along the axis of the image of the cylinders.
In the first step the coordinates of each of the three points chosen is calculated so that the vector PTLj along the pipe connected to the horizontal section of the tee may be speci fied. Ideally, this vector is parallel to the axis of the horizontal section of the tee, and the unit vector in this direction is used as the z-vector in the part surface frame, Ls• Another vector r-1L2 is calculated using the direction between the point at the end of the tee horizontal section and the point along the vertical section of pipe. The cross product of vectors "'L, and PTL2 is used to determine the y unit vector of the tee surface fr ame, Ls. The final vector necessary to define the base frame is the x unit vector, which is determined by taking a cross product of the z and y vectors and points toward the centerline of the horizontal section of the tee. The base frame is then detennined by translating the sLlrface frame along the x direction a distance of half the tcc diameter so that the new base frame, Lp, lies on the c:enterlinc of the horizontal section of the tee. The task of cutting a pipe can be divided into subtasks such as: moving the saw towards the pipe, cutting the pipe, and finally returning the saw back to base.
The specific subtask of cutting a pipe with a saw will be used as the nominal task to demonstrate the use of assistance functions. An operator working from a remote location achieves this task, where the data about the position and orientation of the pipe and possible obstacles are available through the previously built model.
H. Function Elaboration
The object to be cut (pipe) is selected by the operator. As all the dimensions are known, direction ratio of the pipe axis (aJ, b3, and C3) is available to the model. Also known are the co-ordinates of a point on the pipe axis (XR' Y/l, z,J. The equation of the pipe axis can thus be defined.
Using the model, the operator selects the cutting point on the axis surface, represented by X2, Y2, and Z2' The point of intersection of the perpendicular between the cutting point and the pipe axis, XI, YI> and ZI is the origin of the cutting plane frame. The pipe axis is the Z-axis and the line joining the two points is the X-axis. Y-axis is defined based on X and Z-axes.
The General equation of the pipe axis is:
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Since Xl> Yl> ={ lie on this axis:
The plane perpendicular to pipe axis and passing through XI, YJ, ZI and Xl. Yl. Z} is:
(Xl-xJJaJ + (Yr y,)bJ + (Z2 -ZI)C3 = U Solving K from equations (5)- (8) a, (xil -x, ) +b, (YIl -y,)+C3(ZIl -z,)
The direction ratio of X-axis is defi ned as a I. b I. C I where a l=x2-xl hl= Y2-YI
CI=Z 2-Z1
Direction ratios of Y-axis can thus be caleulated: The direction cosines are defined as:
The transformation matrix between the cutting and the base frame is: Velocity in the cutting plane is then:
Since velocity components in the Z-axis of the cutting frame need to be scaled down, a scaling factor m between zero and I is selected. The scaling matrix is then:
The modified velocity in the cutting plane is then:
The modifi ed velocity in the base frame is then:
While the previously described procedure addresses the basic algorithm for the cutting operation, the need for movement along the Z-axis and adjustable scaling becomes inevitable in the case of binding ofthe saw. Fault recovery for binding was addressed by providing adjustable scaling, which could he initiated when desired, by recalling the scale function matrix as in (19).
Simulation Experiments
The cutting operation requires the implementation of the Virtual Planar Position assistance function. This is the function tested using the software development environment GHOST by Sensable Technologies. The master input device used here is the six-degree-of-freedom PHANToM hand controller, which drives the slave end effector. GHOST provides a means for monitoring the PHANToM's position and rotation information over time, as well as for providing force feedback, graphics, and other functions. The developed application consisted of two objects: a saw and a pipe. Each of these is defined as a solid object within GHOST, and each can have its transformation matrix modifi ed as desired.
The operator inputs the information needed to initialize the saw coordinate axes, in addition to the scaling parameters.
The simulation is run for a variety of scaling values, ranging from the ideal complete scaling of the velocity to non-scaled velocity, to ascertain the effects of scaling on the performance of the system. Though the simulation for the virtual linear fi xture is not developed here, the scaling results would help predict the multiple constraining effects. The graphical display for this is shown in Figure 4 Figure 4: Window for the GHOST graphical simulation In the figure, the disc represents the saw or the end effector (slave) position, and the cone represents the master. This display with both master and slave positions helps visualize the position and velocity of the slave with respect to the master at all times and thus allows a more comprehensive analysis. For all simulations, a diagonal orientation of the pipe was assumed to avoid any singularities due to the orientation.
The scaling is tested at three different levels, classified on degree of constraints (scale factor) applied, namely: No motion constraint (I), total motion constraint (0), and partial motion constraint (between 0 and 1).
Results
Depending on the scale factor chosen, several simulation experiments in the GHOST environment were run. Note that the plotted curves are a set of stacked values obtained from the inputs by three different operators, thus avoiding any operator errors.
No Motion Constraint: Here the scale factor is kept as I, i.e. no scaling is applied along the pipe axis to scale any velocities in undesired directions (normal to the cutting plane, Z in this case). The effects are as seen in Figure 5 below. Total Motion Constraint: The scale factor in this case is set to zero. The effects can be seen in Figure 6 . Other intangible advantages include the reduction of the operator's fatigue and increased efficiency, due to shorter execution times and precise assisted alignment of the tool.
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Master/Slave Position Along Pipe Axis (Scale 0.10)
.. . Finally, sets of simulations were run for scaling values varying from 0 to 1 in steps of 0.05. In this case, two modes of operation are present. The first mode allows the operator to go "ballistic" in the workspace at a desired velocity whenever the saw is far from the pipe. The second mode is a "tIne-tuning", which is implemented once the center of the saw is sensed to be close enough to the center of the pipe, as the cutting operation begins.
In this case, the times in which the mode is being switched to fine-luning and the cutting operation is completed are recorded as "switching mode time" and "Final time" respectively.
The results can be observed in Figure 9 , in which the need of scaling becomes even more apparent given the fact that total or no motion constraints resulted in longer execution times for the cutting task.
It is important to note that even though the research was focused on the position based assist function; a form of velocity based assist function was also introduced to guide the operator towards the pipe. This form was introduced during the "ballistic" mode of operation, and it was noticed that the time to reach the pipe at the cutting point was considerably shorter when the velocity based function assistance was provided. General forms of assistance, which can be used and made available for specific Department of Energy (DOE) tasks in dismantlement and decommissioning (D&D) nuclear clean up operations, were analyzed and described. Pipe cutting was the task that was identified for the demo nstration of the assistance function strategy. The gra phical simulation for the demonstration of the saw cutting operation was developed using the GHOST software development toolkit. The six-degree-of-freedom PHANToM hand controller was used as the input device for the simulation. The results from the simulation clearly indicate the efficacy of the assistance strategy.
It was evident that the assistance provided both tangible benefi ts such as precision in task execution, reduced times as well as intangible benefits such as reduced operator fatigue due to aided motion and reduced times.
In addition, a very commonly encountered issue of fault recovery of binding of the saw was also addressed by providing adjustable non-uniform scaling along the 379 cUlting axis. Moreover, it was observed that the adjustable scaling resulted in better performance as compared to complete motion constraining.
Future Work
Usually, the geometry of the task environment is highly unstructured and uncertain. Likewise, the precision and accuracy of the requisite geometric knowledge varies from task to task, as does the extent of the task space itself. A significant fraction of the tasks to be performed are complex by any standard. To address these issues, rotational motion assistance is being addressed.
Encouraging results from assistance in translational motion further support this.
